A large Berry curvature in the vicinity of the Fermi energy is required in order to obtain a large anomalous Hall and Nernst effect. This Berry curvature can be induced by Weyl points and gapped nodal lines. One of the possible mechanisms takes place in systems with a symmetry group where mirror planes lead to protected nodal line structures. When these mirror symmetries are broken, e. g. via fixing a magnetization direction, a gap in the former nodal line can create Weyl points and a large Berry curvature along the gapped lines. In this work we study this effect in a minimal effective model and relate the results to the real regular Heusler compounds Fe2MnX (X=P,As,Sb). These materials have three mirror planes in the non-magnetic case, leading to three nodal lines near the Fermi level. However, dependent on the orientation of the magnetization, some of the mirror planes are broken and the respective lines are gapped, creating large Berry curvature. Because the Fermi level is located in vicinity of the gapped lines, this leads to a large anomalous Hall and Nernst effect, which can be tuned to even higher values with a little bit of doping in the system.
I. INTRODUCTION
In recent years, the search for materials with large anomalous transport properties has raised increased interest, especially for topological (semi-)metals 1 . These systems often show a strong anomalous Hall effect (AHE) [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , which is observed as a transverse voltage drop as a consequence of a longitudinal current induced only by the intrinsic spin-orbit coupling and magnetism. Additionally, very recently there is also interest in the anomalous Nernst effect (ANE) [3] [4] [5] [12] [13] [14] [15] , which is analogous to the AHE when exchanging the longitudinal driving current with a temperature gradient.
The anomalous transport coefficients are directly linked to the Berry curvature (BC) of the electronic band structure near the Fermi level 4, 11, 16 . This implies that potential material candidates have to have strong BC in their electronic structure. To create a large BC in a band structure, topological properties are neccessary. One way to achieve this is to look for a system with symmetry protected nodal lines and then break this symmetry. This removes the protected degeneracy and the line will gap out with a possibility of preserved crossings which are Weyl points. In this case the BC will flow from one Weyl point to the other via the now gapped line structure, inducing large BC at these lines. This was recently observed in Co 2 MnGa 17,18 where it leads to a large anomalous Hall and Nernst conductivity.
The strength of the effect strongly depends on the energetic distance of the nodal line structure from the Fermi level. This makes it neccessary to either find systems where the Fermi level has a suitable value or take systems with interesting topological features and dope them to the right energy level. For the second approach, which grants more versatility, a promising class of materials to look at are the Heusler compounds where the Fermi level can easily be varied through the stochiometric substitution of single atoms. There are many studies showing a large ANE in both non-collinear 6, 8, 15, [19] [20] [21] [22] and collinear magnetic Heusler compounds 17, 18, 23, 24 . In this work we present a detailed analysis of the nodal line symmetry breaking mechanism described above for a minimal effective model and the real Heusler compounds Fe 2 MnX (X=P,As,Sb). Here, the symmetry, which protects the nodal lines, is broken due to the orientation of the magnetization in these compounds. Additionally, the Fermi level is located at the nodal line structure, leading to a large anomalous Hall conductivity (AHC) and some of the highest reported values for the anomalous Nernst conductivity (ANC). Both of these effects can be enhanced to even higher values when doping the system to a suitable Fermi level.
II. METHODS
We start the theoretical investigation with an ab initio calculation of the electronic band structure via density-functional theory (DFT). For this we employ the VASP package 25 with a plane-wave basis set and pseudopotentials. The exchange-correlation potential is described in the generalized-gradient approximation (GGA) 26 . In the next step, we extract Wannier functions from the DFT band structure via the Wannier90 package 27 . The initial projections are chosen as s-, p-, and d-orbitals of Fe and Mn and the s-and p-orbitals of X. From the Wannier functions we construct a Tight-Binding Hamiltonian, H, to calculate the BC, Ω, in the system via the Kubo formula 11, 16, 28 
Here, |n and E n are the eigenstates and eigenenergies of H, respectively.
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From this we evaluate the AHC, σ, via
and the ANC, α, via the equation proposed by Xiao et al.
4,16
Here, T is the actual temperature, f n is the Fermi distribution, and E F is the Fermi level.
III. RESULTS
Firstly, we study the properties of a model system with a symmetry protected nodal line at the Fermi level. For this we employ the model proposed by Rauch et al.
This model system shows a nodal line protected by a mirror symmetry in the k x -k y plane at E F , when choosing the parameters as m = M = c = 1 eV and B = 2 eV 29 . The corresponding band structure is shown in Fig. 1(a) and (c). It is important to note that the nodal line induces only local BC, the total value obtained via an integration as described in equation (2) vanishes. As a result, this always leads to zero AHC and ANC for the closed nodal line system. Consequently, to get non-zero anomalous transport coefficients it is neccessary to gap out the nodal line. This is only possible when the mirror symmetry, which protects the nodal line, is broken. For this we add a small additional term H break = 0.1c(sin k x τ x ⊗ σ x + sin k z τ x ⊗ σ y ) to the Hamiltonian which can be for example spin-orbit coupling. As a consequence, the nodal line gaps out except for the two points with k y = 0 which are then Weyl points, as shown in Fig. 1(b) . This gapping also induces strong BC into the band structure which can be seen in Fig. 1(d) . It is obvious that the BC is generated along the former nodal line in the k z = 0 plane. Consequently, this BC leads to a non-zero AHE (Fig. 1(e) ) and creates an ANE, although at the energy of the former nodal line this effect vanishes due to conserved particle-hole symmetry 24 ( Fig. 1(f) ). The model shows the importance of mirror symmetries for nodal line semimetals and reveals possible effects when these symmetries are broken. In the following we present real materials which show the same behaviour as observed in the model.
We investigate the regular Heusler compounds Fe 2 MnX (X=P,As,Sb) with space group F m3m (No. 225). In Fig. 2 (a) the crystal and magnetic structure is shown. The compounds are ferromagnetic with a net magnetic moment of µ = 4µ B per unit cell. We choose this to be aligned along the (001) direction with moments at the single atoms of µ F e = 0.7µ B , µ M n = 2.6µ B , and µ X = 0. The crystal structure without magnetization possesses three mirror planes at k x = 0, k y = 0, and k z = 0. In each of these planes there is a mirror symmetry protected nodal line at the Fermi level (see Fig. 2(c) ). When the magnetization is set along the (001) direction and spin-orbit coupling plays a role, the mirror symmetries in the k x = 0 and k y = 0 planes break. As a consequence, these lines gap out, analogous to the model described above. Furthermore, also here a large BC is induced into the band structure. This large BC strongly influences the AHC and ANC, as it can be seen from equations (2) and (3). It is important to note, that a change of the magnetization orientation will change how the nodal lines gap. This is, because the protective mirror symmetries are broken differently. However, even if the local BC in the system is changed, the total BC which results in the AHC and ANC stays the same for all magnetization directions in these systems 17 . In Fig. 3 the contributions to both AHC and ANC in all three compounds are shown as a function of the k space position. It can be seen that the main contributions stem from line-like shapes in the k x = 0 and the k y = 0 plane which coincide with the two broken mirror symmetry planes. Therefore, just as in the model, when the mirror symmetry which protects the nodal line is broken, the former nodal line gaps out and strongly enhances the BC at this gap.
This strong enhancement now also leads to large overall anomalous transport coefficients. In Fig. 4(a) the energy dependent AHC for Fe 2 MnX (X=P,As,Sb) is shown. As is can already be expected from the similar band structures in Fig. 2(c) the AHC looks very similar for all three compounds. The value at the Fermi level is quite large with σ z xy = −1200 S cm −1 for X=P,Sb and σ z xy = −1050 S cm −1 for X=As. This is also near the maximum value for the AHC which is located slightly below the Fermi level. Remarkably, the ANC shown in Fig. 4(b) has a value of α z xy = −2.6(−3.8, −4) A m −1 K −1 for Fe 2 MnP(As,Sb), respectively, at the Fermi level and at T = 300 K. An analysis of the temperature dependence in Fig. 4(c) shows a slight increase of these values with increasing temperature. Due to the fact that Heusler compounds can be doped to different Fermi energies relatively easy it is also interesting to investigate the ANC for different positions of the Fermi level and their temperature dependence. As shown in Fig. 4(d) for Fe 2 MnAs (the other compounds show a similar behaviour) it is possible to increase the ANC via doping by a factor of two at E = E F − 0.1 eV, which is also very stable in a large range of temperature. This doping level corresponds to 0.33 additional electrons per unit cell. It is important to note, that with a doping of E = E F −0.05 eV (-0.18 electrons per unit cell) the ANC almost completely vanishes in the whole temperature range. This could lead to problems where interesting topological features are overlooked when randomly doped samples are investigated.
IV. SUMMARY
In summary, we have theoretically investigated the regular Heusler compounds Fe 2 MnX (X=P,As,Sb). These materials show a nodal line structure, which gets gapped due to the symmetry breaking induced by the fixing of the magnetization direction. This breaking strongly enhances the Berry curvature in the system along the gapped lines and, consequently, leads to very large anomalous Hall and Nernst conductivities. With the help of a simple model we explained the underlying mechanisms and showed their signatures in the real materials. This work provides an intuitive understanding of the high anomalous transport coefficients in magnetic nodal line materials, especially in regular Heusler compounds, in terms of the breaking of protective symmetries.
